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Abstract

Background—The potential epidemiological impact of isoniazid preventive therapy (IPT),
delivered at levels that could be feasibly scaled up among people living with HIV (PLHIV) in
modern, moderate-burden settings, remains uncertain.

Methods—We used routine surveillance and implementation data from a cluster-randomized
trial of IPT among HIV-infected clinic patients with good access to antiretroviral therapy in Rio de
Janeiro, Brazil, to populate a parsimonious transmission model of TB/HIV. We modeled IPT
delivery as a constant process capturing a proportion of the eligible population every year. We
projected feasible reductions in tuberculosis (TB) incidence and mortality in the general
population and among PLHIV specifically at the end of five years after implementing an IPT
program.

Results—Data on time to IPT fit an exponential curve well, suggesting that IPT was delivered at
a rate covering 20% (95% confidence interval: 16%, 24%) of the 2,500 eligible individuals each
year. By the end of year 5 after modeled program roll-out, IPT had reduced TB incidence by 3.0%
(95% uncertainty range, UR: 1.6%, 7.2%) in the general population and by 15.6% (95%UR:
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15.5%, 36.5%) among PLHIV. Corresponding reductions in TB mortality were 4.0% (95%UR:
2.2%, 10.3%) and 14.3% (14.6%, 33.7%). Results were robust to wide variations in parameter
values on sensitivity analysis.

Conclusions—TB screening and IPT delivery can substantially reduce TB incidence and
mortality among PLHIV in urban, moderate-burden settings. In such settings, IPT can be an
important component of a multi-faceted strategy to feasibly reduce the burden of TB in PLHIV.
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INTRODUCTION

Isoniazid preventive therapy (IPT) is recommended by the World Health Organization
(WHO) as a cornerstone of the “Three 1’s” approach to management of tuberculosis (TB) in
people living with HIV (PLHIV).1 The individual-level effectiveness of IPT in preventing
active TB is well-established,?3 including among PLHIV.4-" However, although IPT
showed dramatic population-level effects in the populations of Alaska and Greenland in the
1960s,8-9 the population-level impact of IPT among PLHIV in the modern era is less clear.
HIV co-infection decreases both the duration and sputum bacillary burden of TB,10:11 such
that prevention of TB in PLHIV may have less impact on transmission. Individual-level
effectiveness of IPT does not necessarily translate to population-level reductions in TB
incidence,2 as recently demonstrated by a cluster-randomized trial of IPT in South African
gold mines.13 The mechanism of IPT effect in the era of antiretroviral therapy (ART) is also
uncertain, with a large trial in Botswana suggesting rapid waning of efficacy among PLHIV
once IPT was discontinued.14 Whether this result reflects the high risk of TB reinfection in
Botswana or a general inability of IPT to provide lasting protection against TB among
PLHIV is unclear. If IPT is to be broadly recommended as a public health strategy, its
epidemiological impact in this population must be better understood.

The potential for benefit of IPT is arguably greatest in moderate-burden settings, where TB
incidence is sufficiently high for IPT to prevent substantial disease burden but rates of TB
reinfection are relatively low. In a recent cluster-randomized trial in 29 public HIV clinics in
Rio de Janeiro, IPT reduced the adjusted hazard of active TB by 27% among participants
who contacted the study clinics.1®> However, this trial was limited in duration and did not
aim to evaluate the impact of IPT at a population level, including transmission effects
among people who did not present to the study clinics (e.g., HIVV-negative, unaware of HIV
serostatus, or HIV-infected but poorly connected to care). This trial also provides an
opportunity to evaluate potential relationships between the mechanism/duration of IPT
effect in PLHIV and the expected epidemiological impact of IPT in a setting where TB
reinfection is relatively uncommon. To explore these questions, we created a dynamic
transmission model of the TB/HIV epidemic in Rio de Janeiro, Brazil.
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METHODS

Study Design

The design of the TB/HIV in Rio de Janeiro (THRio) study has been described
elsewhere.18:17 Briefly, 29 public primary HIV clinics in Rio de Janeiro were assigned, in
stepped-wedge fashion18.19 to a random date of implementing TB screening and IPT over a
28-month period, then followed for an additional 20 months. During the time of this trial,
Brazilian policy was to offer antiretroviral therapy (ART) to all HIVV-infected adults with
CD4* T-cell counts <350 cells/mm3; it is estimated that ART coverage among such
individuals was 80%.20 Clinics aimed to provide IPT (six months of isoniazid) to all HIV-
infected adults with a positive tuberculin skin test (TST) result in whom active TB had been
excluded. The primary outcomes were incidence of active TB and a composite of incident
TB and all-cause mortality. The National Health Information System in Brazil captures both
incident TB and death and was linked to study data to ensure complete ascertainment of TB
cases and death.

Modeled Intervention

Our primary aim was to estimate the potential epidemiological impact of a feasible
intervention of training clinics to perform TST screening and provide IPT in a moderate-
burden setting, using the THRio intervention as a paradigm. We modeled this intervention as
continuous delivery of TST screening and IPT to a proportion of the eligible population
(HIV-infected adults with no prior history of active TB or IPT) every year: the “IPT delivery
rate.” To estimate this rate in the THRio study, we fit an exponential decay curve to the
probability of an eligible individual not receiving IPT on each day after the randomization
date of that individual’s clinic (or the individual’s first visit date for any reason, among
people whose first clinic visit occurred after clinic randomization). In making this
calculation, we included all people eligible for TB screening on each day regardless of
whether they actually contacted the clinic, assuming that rates of TST positivity were similar
in patients who never received TST as in those who did. This analysis therefore differs from
the primary THRio analysis, in which people became eligible for the intervention only after
contacting a study clinic following implementation of the intervention.

Model Structure and Calibration

We used the estimated IPT delivery rate from the trial to populate a compartmental
transmission model of TB in the adult (age 15-59) population of Rio de Janeiro (Figure 1).
We then used literature estimates of the individual-level effect of IPT to project the
epidemiological impact on TB incidence over five years under different assumptions about
IPT duration of effect (persistent versus lasting only for the six-month duration of IPT
itself). In model development, we strove for simplicity in order to maximize transparency
and interpretability, and to reduce reliance on excessive assumptions regarding parameter
values. This model uses ordinary differential equations to describe rates of flow between
population states defined by HIV and TB status (as shown in Figure 1), and among those
infected with TB, TB drug resistance status (susceptible and multidrug-resistant, MDR).
Complete details are provided in the Supplemental Digital Content 1, and model code is
available in a public repository (https://github.com/ddowdy/THRio-model).
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This model conceptualizes IPT as a one-time intervention that provides immediate, partial
(67%) protection against reactivation of latent, drug-susceptible TB. We assumed in the base
case that this benefit would last at least five years, based on data from the THRio study
suggesting that TB incidence did not increase during this time frame after IPT completion.
We compared this assumption against a pessimistic scenario in which IPT provides only six
months of protection, and we also considered an alternative model structure in which IPT
provided protection from both reactivation and reinfection. Given high rates of IPT
completion in the trial, we did not model partial courses of IPT. Differential equations were
solved using the deSolve package in R (R Project for Statistical Computing), in time steps of
0.1 year.

We fit our model simultaneously to 11 key epidemiological data points, estimated from
surveillance systems in Rio de Janeiro where available (year 2008) and from Brazilian
country-wide estimates otherwise (Table 1). We accomplished this model fit by matching
each of 11 model parameters to the best corresponding epidemiological data point in one-to-
one (identifiable) fashion to create an equilibrium (steady-state) model. For example, the
dynamic model requires a parameter for the HIV transmission rate, but since no estimates
for HIV incidence in Rio de Janeiro exist, we varied the HIV transmission rate parameter
until a steady-state condition was achieved that matched the estimated HIV prevalence (see
Table 1). Such variation was done in iterative fashion for all 11 model parameters (using a
manual variation of the downhill simplex algorithm) until we achieved a good-fit
equilibrium, defined a priori as a state in which none of the 11 model outputs varied by
more than 1% over a 5 year period, and in which each model output matched its
corresponding epidemiological estimate (from surveillance data or country-wide estimates)
to within 1%. Seven model parameters (at the bottom of Table 1) had no corresponding
epidemiological data point; their initial values were drawn from the literature. In Rio de
Janeiro, both HIV and TB incidence have remained within a +/-10% range (in relative
terms) over the last four years for which data are available, supporting the concept of near-
equilibrium.20 Our primary outcomes were the projected declines in TB incidence and
mortality among PLHIV at the end of the fifth year following rollout of the intervention.

Sensitivity and Uncertainty Analysis

We conducted one-way sensitivity analyses on all model parameters, taking the range of
values for each parameter that changed the matched epidemiological data point (e.g., HIV
prevalence for the HIV transmission parameter) by 25% over a five-year model simulation
in which no IPT was delivered. When variation over a parameter’s possible range (e.g., 0 to
1 for a proportion) did not result in a 25% change, then we varied the parameter over its full
possible range. Thus, parameters for which small variations caused dramatic deviations from
measured epidemiological data (e.g., HIV prevalence in Rio de Janeiro) were varied over a
tighter range, whereas parameters for which many values were consistent with the
epidemiological data were varied over a broader range. We performed multi-way
uncertainty analysis by simultaneously (using Latin hypercube sampling) varying all
parameters over a beta distribution (alpha = 2) defined by the range in Table 1, taking the
most likely value as the mode. For this analysis, we took the 95% confidence intervals on
the time-to-IPT from the trial as the boundaries for this parameter in the model. We report
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the 95% uncertainty range as the 2.5" and 97.5™ percentile of results from 2,000 such
simulations.

Of note, in performing our fitting procedure, we were forced to set the corresponding
parameters governing rates of TB rapid progression and reactivation among HIV-coinfected
individuals near the extremes of their reasonable ranges to match the high TB incidence
among PLHIV in Rio de Janeiro. This phenomenon may represent clustering (non-
homogeneity) among individuals with TB and HIV and has also been observed in other
compartmental models of these two diseases.?! In this case, we adopted a conservative
strategy of minimizing the contribution of reactivation TB relative to recent infection in
PLHIV, thereby reducing the potential effect of IPT. As a result of this conservative
approach, our base-case values of IPT impact often fall near the low end, if not outside, our
95% uncertainty ranges, which reflect results from model simulations in which reactivation
contributes a larger proportion of TB among PLHIV.

RESULTS

Population-Level Rate of IPT Delivery

A total of 13,283 individuals were eligible for TB screening and/or IPT at one of the 29
study clinics and thus contributed data to the estimation of the IPT delivery rate. This
number included 467 people who were not eligible for the primary trial because they did not
visit study clinics within a window of eligibility. Data on time to IPT fit an exponential
curve well (Figure 2), suggesting that IPT was delivered at a rate covering 20% (95%
confidence interval, Cl: 16%, 24%) of the eligible population each year (i.e., mean time
from eligibility to IPT initiation = 3.93 years, 95%Cl: 3.73, 4.13). The model estimated that
16% of all HIV-infected individuals not previously treated for TB were infected with TB at
baseline, compared to 15% of initial TST results positive in the primary study.1’

Projected Epidemiological Impact of IPT

In our model of the adult population of Rio de Janeiro (population 4.1 million in 2010%2), we
projected a total of 25,500 incident TB cases, of which 3,300 occurred in HIV-coinfected
individuals. Annually delivering IPT to 20% of HIV-infected individuals with latent TB
infection and no prior IPT averted a projected 438 TB cases and 27 TB deaths over 5 years
(1.8% of cumulative TB cases over five years, 2.1% of cumulative TB deaths), including
325 cases and 24 deaths in HIV-infected individuals (10.1% reduction in TB incidence
among PLHIV, 7.6% reduction in mortality). The impact of IPT was magnified over time as
cumulative uptake improved and transmission effects accrued (Figure 3). By the end of year
5 after program roll-out, IPT had reduced population TB incidence by 3.0% (95%
uncertainty range, UR: 1.6%, 7.2%) and TB incidence among PLHIV by 15.6% (95%UR:
15.5%, 36.5%). Corresponding reductions in TB mortality were 4.0% (95%UR: 2.2%,
10.3%) for all TB and 14.3% (14.6%, 33.7%) for TB among PLHIV.

Increasing the rate of IPT delivery to HIV-infected individuals with latent TB from 20% to
37%/year augmented the impact on TB incidence by 1.6-fold (i.e., 15.6% vs. 25.5%
reduction in TB incidence among PLHIV at end of year 5). By contrast, assuming that IPT
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provided protection for only six months reduced the estimated impact of IPT by 70% (i.e.,
4.6% reduction in TB incidence and mortality among PLHIV at end of year 5).

Sensitivity and Scenario Analyses

Variation of all parameters across the ranges shown in Table 1 demonstrated that model
projections were most sensitive to the protective efficacy of IPT against reactivation TB, the
relapse rate after successful TB treatment, and the relative proportion of HIV-associated TB
due to primary progression of recent infection versus endogenous reactivation of remote
infection. No one-way parameter variation — other than the sensitivity analysis described
above in which the duration of IPT effect was reduced to six months — reduced the relative
projected impact of IPT among PLHIV by more than 30%, whereas increasing IPT
protective efficacy or decreasing the proportion of TB in PLHIV due to recent infection both
augmented IPT’s projected impact by over 50%.

Assuming 100% efficacy of IPT against TB reinfection (in addition to 67% efficacy against
reactivation) for the entire on- and post-1PT period augmented the projected impact of IPT
on TB incidence among PLHIV at the end of five years from a 15.6% reduction to a 16.0%
reduction. Increasing the transmission rate by a factor of 1.6 (thus giving a steady-state TB
incidence of 1014 per 100,000/year) diminished this impact from a 15.6% reduction in
incidence to an 8.1% reduction. Regarding generation of MDR-TB, even under “worst-case”
assumptions, IPT delivery generated no more than 1.2 MDR-TB cases over the entire five-
year period (see Supplemental Digital Content 1 for more details).

DISCUSSION

This transmission model of HIV and TB in Rio de Janeiro suggests that feasible treatment of
no more than 500 PLHIV per year with isoniazid preventive therapy in a city of 6 million
people and over 20,000 HIV-infected adults can prevent one in seven TB deaths among
PLHIV (including those not linked to care) within a five-year timeframe. Although these
projections assume persistent benefit of IPT up to five years among PLHIV (most of whom
are also taking ART), comparison with trial results and simulation over reasonable
parameter ranges suggests that these projections may in fact underestimate the impact of
IPT. In moderate-burden settings such as urban Brazil, feasible programs of TB screening
and IPT delivery are likely to produce important reductions in TB mortality and incidence
among PLHIV.

Our model highlights IPT as a life-saving intervention for PLHIV and provides some insight
as to the potential differences between moderate- and high-burden settings in terms of the
role of IPT. A number of trials and modeling analyses performed in sub-Saharan Africa have
suggested that IPT may have limited population-level impact in that setting.13.14.23.24 Qyr
model suggests that the larger relative impact in moderate-burden settings such as urban
Brazil may in part reflect differential risks of infection. In our model, the measured TB
incidence rate among adults in Rio de Janeiro suggests an annual risk of TB infection
(ARTI) of 0.8% — a risk that may be five times greater in hyperendemic settings in southern
Africa.2526 When we increased the TB transmission rate to generate a TB incidence
reflective of South Africa (approximately 1,000 per 100,000/year), the impact of IPT on TB
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incidence in PLHIV was cut nearly in half. Importantly, assumptions regarding the
effectiveness of IPT against reinfection TB (e.g., while actively taking IPT) had almost no
bearing on projections of IPT impact in Brazil, whereas assumptions regarding the duration
and magnitude of protection against reactivation TB were critical. In the end, the
epidemiological impact of IPT is likely to be context-dependent and may be maximized, in
relative terms, where reactivation is more important than reinfection as a cause of TB in
PLHIV (i.e., low-to-moderate burden settings) and where the duration and magnitude of
protection against reactivation may be highest (i.e., settings with high ART coverage).

Although the epidemiological benefits of IPT were substantial relative to the intensity of the
intervention (treatment of no more than 500 individuals per year), they remained largely
confined to the population of PLHIV. After 5 years of IPT implementation, while TB
mortality among PLHIV had fallen by 14%, TB incidence among HIV-uninfected adults had
fallen by only 1%. Thus, to achieve control of the TB epidemic in this setting where less
than 15% of all TB cases are HIV-coinfected, a combined strategy of improved case-finding,
diagnosis, treatment, and prevention is essential. IPT for PLHIV can serve as one useful
component of such a strategy but is unlikely to reverse the TB epidemic on its own.

As with any modeling analysis, our study has limitations. Our approach of fitting parameters
in an already-parsimonious modeling framework to data from epidemiological surveillance
and an implementation trial minimized the number of assumptions required to populate this
model. Nevertheless, our model does rely on certain standard simplifying assumptions (e.g.,
homogeneous mixing, division of HIV and TB status into discrete states) that are unlikely to
be fully met in any population. Specifically, we were forced to assume a high risk of
progression to active TB among HIV-positives in order to fit the high rates of HIV-
associated TB seen in Rio de Janeiro. We may therefore have underestimated the true
population-level impact of IPT in this model. This underestimation is compounded by the
fact that IPT is best envisioned as a package that includes TB screening, which can further
reduce TB transmission through detection of active cases — a benefit we did not include
here. As this model was not designed to evaluate effects on HIV epidemiology, we modeled
HIV transmission very simply as a uniform incidence rate over time. Finally, the current
model does not answer certain questions of relevance to IPT scale-up, including
generalizability to different operational settings and cost/cost-effectiveness.

Despite these limitations, the present analysis provides important guidance for both policy
and future research. Our findings suggest that TB screening and IPT delivery for PLHIV is
likely to be a valuable public-health intervention in moderate-burden urban settings, even if
only 20% of the eligible population can be screened each year. Further model-based and
empirical studies could better identify those settings (e.g., according to HIV prevalence,
annual risk of TB infection, and MDR-TB prevalence) in which IPT is likely to have
maximal population-level effectiveness.

In conclusion, we have used a simple TB/HIV transmission model, fit to surveillance and
trial data, to demonstrate that TB screening and IPT, delivered at feasible levels, can reduce
TB mortality and incidence among PLHIV by 15% or more over five years in an urban,
moderate-burden setting with good ART coverage. This estimate could be refined through
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better knowledge of the duration of IPT protection among PLHIV taking ART and is
unlikely to be equaled in settings where the risk of TB reinfection is higher. Nevertheless, in
moderate-burden settings, IPT can serve as an important component of a multi-faceted
strategy to feasibly reduce the population burden of HIV-associated TB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of Compartmental Transmission Model
Rates of flow between each compartment are governed by differential equations, as

described in the Appendix. Each compartment is further sub-divided by HIV status and
drug-resistance status (multidrug-resistant or not multidrug-resistant). IPT (dotted line) is
modeled as a one-time intervention, delivered only to people living with HIV, providing
immediate partial protection (among those who will complete therapy) against reactivation
TB, no protection against reinfection, and no benefit for those infected with multidrug-
resistant TB. After completing IPT, individuals remain in the post-IPT state for the
remainder of the analysis. Per contemporary Brazilian policy, ART was assumed to be
available only to those with CD4 counts <350, and to provide immediate benefit (equivalent
to having a CD4 count >350) upon initiation.
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Figure 2. Estimated Rate of Isoniazid Preventive Therapy (IPT) Delivery in the THRio Trial
The green line shows the Kaplan-Meier survival function of time from clinic randomization

date to receipt of IPT in the THRio study, among all HIVV-infected individuals without a
history of TB treatment or IPT and having a positive tuberculin skin test (TST). This
analysis assumes that the probability of a positive TST was the same in those who were
never screened as in those who were. The orange line shows the predicted function after
fitting these data to an exponential decay curve.
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Figure 3. Five-Year Impact of Isoniazid Preventive Therapy on HIV-Associated TB in Rio de
Janeiro, Brazil

Blue lines show the baseline (steady-state) scenario, while red lines show the projected TB
incidence and mortality as a function of time after rolling out a program for isoniazid
preventive therapy (IPT) capable of providing IPT to 20% of the eligible HIV-infected
population per year. The upper set of lines and leftward axis display TB incidence, whereas
the lower set of lines and the rightward axis display TB mortality.
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Protective Efficacy of IPT vs. Reactivation TB (0.5-1.0) 11.1% 25.6%
Relapse Rate After TB Treatment (0.006-0.3/yr) 10.9

Proportion of TB Infections Progressing Rapidly, HIV+ (0.09-1.0) 23.7%
Rate of TB Reactivation, HIV+(0.04-0.14*) 11.39

Transmission Rate per Infectious Person-Year (5.13-7.50) 18.2%

Diagnosis and Treatment Rate (0.78-1.00/yr)

Protective Efficacy of ART Against Active TB (0.0-1.0)

10% 12% 14% 16% 18% 20% 22% 24% 26%
Projected Reduction in HIV-Associated TB Incidence After 5 Years

Figure 4. Sensitivity Analysis: Five-Year Impact of IPT on TB Incidence
Each model parameter was varied across a range (shown in Table 1) capable of changing the

corresponding epidemiological data point (e.g., TB incidence) by 25% over 5 years; only
those parameters that changed the projected impact of IPT on HIV-associated TB incidence
at 5 years by 10% or more (i.e., outside the range of 14.1%-17.1% reduction) are shown.
Red bars indicate a reduction in the specified parameter; blue bars indicate an increase. All
parameter values were simultaneously varied (including those not shown here) across beta
distributions in probabilistic uncertainty analysis. * = projected impact of IPT reached a
maximum at a rate of 0.14/year; increases or decreases in parameter value from this estimate
lowered the projected impact of IPT, with the minimum value shown.
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